X-linked hypohidrotic ectodermal dysplasia (XHED), an inherited disease recognized in humans, mice, and cattle, is characterized by hypotrichosis, a reduced number or absence of sweat glands, and missing or malformed teeth. In a subset of affected individuals and animals, mutations in the EDA gene (formerly EDI), coding for ectodysplasin, have been found to cause this phenotype. Ectodysplasin is a homotrimeric transmembrane protein with an extracellular TNF-like domain, which has been shown to be involved in the morphogenesis of hair follicles and tooth buds during fetal development. Some human XHED patients also have concurrent immunodeficiency, due to mutations in the NF-jB essential modulator protein (IKBKG; formerly NEMO), which is also encoded on the X chromosome. In a breeding colony of dogs with XHED, immune system defects had been suspected because of frequent pulmonary infections and unexpected deaths resulting from pneumonia. To determine if defects in EDA or IKBKG cause XHED in the dogs, linkage analysis and sequencing experiments were performed. A polymorphic marker near the canine EDA gene showed significant linkage to XHED. The canine EDA gene was sequenced and a nucleotide substitution (G to A) in the splice acceptor site of intron 8 was detected in affected dogs. In the presence of the A residue, a cryptic acceptor site within exon 9 is used, leading to a frame shift and use of a premature stop codon that truncates the translation of both isoforms, EDA-A1 and EDA-A2, resulting in the absence of the TNF-like homology domain, the receptor-binding site of ectodysplasin.
Introduction
In X-linked hypohidrotic ectodermal dysplasia (XHED) in man (Mendelian inheritance in man (MIM) 305100), affected individuals have a developmental disorder characterized by sparse or absent hair, missing and/or malformed teeth, and hypoplastic eccrine glands (Beahrs et al. 1971; Soderholm and Kaitila 1985; Clarke 1987; Clarke et al. 1987 ; Kere et al. 1996) . There is significant morbidity and mortality in affected children as a result of hyperthermia resulting from their inability to sweat, combined with an increased risk of respiratory tract infections (Beahrs et al. 1971 ; Soderholm and Kaitila 1985; Clarke et al. 1987 ; Gilgenkrantz et al. 1989 ). The human X-linked HED phenotype has been shown to be a result of mutations in the ectodysplasin (EDA; formerly EDI) gene (Zonana et al. 1993 ; Kere et al. 1996 ; Monreal et al. 1998 ).
More recently, a clinical syndrome of XHED associated with immune deficiency has been described (HED-ID; MIM 300291) (Zonana et Kosaki et al. 2001 ). All of the affected children were male and had phenotypic features of HED. However, they also had dysgammaglobulinemia and severe, recurrent infections with significant morbidity and mortality, but without obvious immunologic defects (Zonana et al. 2000 ; Dö ffinger et al. 2001 ). Because of the similarities to incontinentia pigmenti (IP; MIM 308310), an X-linked disorder affecting the development of skin, teeth, eyes, hair, and the central nervous system, a defect in IKBKG was suspected. Severe loss-of-function defects in IKBKG have been shown to cause a lethal form of IP in male fetuses and in affected carrier females with skewed X-inactivation (Smahi et al. 2000) . Most of the mutations responsible for IP result in the loss of the carboxyl terminal portion of the IKBKG protein that is encoded by exons 4-10 of the gene. Therefore, defects that rendered a mildly truncated protein product were hypothesized to result in HED-ID (Zonana et al. 2000) . Many mutations causing HED-ID were subsequently found and have all been located in the last exon (exon 10) of the gene for IKBKG (Zonana et al. 2000) .
The EDA gene has been shown to produce eight different transcripts, with those producing isoforms EDA-A1 and EDA-A2 being the longest (Bayes et al. 1998). Each of these two isoforms binds to a specific receptor, EDAR and EDA2R (formerly XEDAR), respectively (Yan et al. 2000) . EDAR is autosomal while EDA2R, specific for EDA-A2, is X-linked. Therefore, EDA2R can be considered a possible candidate for XHED. However, to date, no mutations in the EDA2R gene have been identified in cases of XHED in humans or other species.
We have established a colony of dogs with XHED for the study of disease mechanisms and therapeutic trials (Casal et al. 1997 (Casal et al. , 2004 ). The affected dogs lack all sweat glands and secondary hairs and are completely hairless on their forehead and over the dorsal pelvic area. Most premolars and some incisors are missing and those teeth that are present are mostly conically shaped. As in human XHED, there is increased morbidity and mortality from usually benign and rarely fatal pulmonary infectious diseases among XHED dogs compared with other dogs in the same environment. Most affected dogs have chronic nasal and ocular discharge, often accompanied by corneal ulceration, and a small number of the adult dogs had chronic, treatment-resistant demodecosis (a canine skin parasite) that is associated with a mildly compromised immune system (Caswell et al. 1997) . Because of the suspicion of immunodeficiency in the XHED dogs, both EDA and IKBKG were considered as candidate genes for the defect in the XHED dog. We used linkage analysis and cDNA and gene sequencing to identify a mutation in the EDA gene in the XHED dogs.
Materials and methods
Dogs. Blood and tissue samples were obtained from dogs with X-linked ectodermal dysplasia and from and their normal littermates, parents, and grandparents (Casal et al. 1997 (Casal et al. , 2004 cDNA synthesis and RT-PCR. Total RNA was extracted from skin and kidney from normal and affected dogs using TRIzol reagent (Life Technologies, Grand Island, NY) according to the manufacturerÕs protocol. cDNA was synthesized in a 50-ll reaction containing 10 lg total RNA 1 · first-strand synthesis buffer (Invitrogen, Carlsbad, CA), 0.1 mM DTT (Invitrogen), 8 mM dNTPs (Promega, Madison, WI), 0.2 lg/ll BSA (NEB), 8 lM random hexamers (Promega), 8 lM oligo d(T) (Promega), 80 U RNAsin (Promega), and 500 U Superscript II reverse transcriptase (Invitrogen). PCRs were carried out according to the protocols described below, using 1 ll of cDNA as the template for each reaction.
EDA and IKBKG sequence and mutation analysis. Canine EDA and IKBKG gene sequences were retrieved from the 1.5 · poodle genome sequence (Kirkness et al. 2003 ) and the boxer whole-genome sequences deposited in the Trace Archive (http:// www.ncbi.nlm.nih.gov/Traces/trace.cgi) using human and bovine EDA and IKBKG cDNA sequences (GenBank accession Nos. AF040628, AJ300468, AJ300469, AJ278907, AJ271718, and NM174354) as queries. Retrieved sequences were then verified to be from the orthologous gene by BLAST searches (http:// www.ncbi.nlm.nih.gov/blast/) of the human genome showing highest homology to the appropriate human gene. PCR primers were designed to amplify cDNA derived from skin and kidney mRNA and to amplify exons from genomic DNA. The sequences of the final PCR primers used to sequence portions of the IKBKG gene and the EDA gene are shown in Tables 1 and 2 . PCR reactions containing 50 ng of canine genomic DNA or 1 ll of cDNA reaction as template, 0.2 lM of each primer, 50 mM KCl, 10 mM Tris-HCl (pH 8.3), 3 mM MgCl 2 , 0.2 mM dNTPs, and 0.5 U Ampli-Taq polymerase (Perkin-Elmer Cetus, Norwalk, CT) were carried out in a volume of 50 ll. Reactions were denatured for 5 min at 94°C, followed by 35 cycles of 1 min at 94°C, 1 min at the annealing temperature, and 0.5-2 min at 72°C. For the first five cycles the annealing temperature was reduced by 1°C/cycle, ending at the annealing temperature (T a ) for the remainder of the reaction cycles (Tables 1 and 2 ). PCR products were purified after gel electrophoresis using the QIAquick gel extraction system (Qiagen, Vaglencia, CA), and were sequenced by the facility at the University of Pennsylvania Abramson Cancer Center.
To determine the sequences of alternatively spliced EDA mRNA molecules produced in affected and carrier dogs, PCR products were cloned using the TOPO TA Cloning Kit (Invitrogen) according to the manufacturerÕs specifications. Plasmid DNA was purified by standard phenol-chloroform extraction methods and submitted for sequencing.
Results
Linkage analysis. Five polymorphic markers evenly distributed on the canine X chromosome (CFAX) were used to determine the relative chromosomal location of the canine XHED gene. The EDA gene is located near the centromere of CFAX, whereas IKBKG is located at the distal end of the long arm (http://genome.ucsc.edu). The marker F8C, closest to the IKBKG gene, showed the lowest LOD max score to XHED (0.06), while FH3027 displayed the highest LOD max score (2.59), which is considered statistically significant evidence of linkage because of its location on the X chromosome (Table 3) .
Partial IKBKG sequence. In humans, mutations in exon 10 of the IKBKG gene are found in immunodeficient XHED males, whereas mutations upstream of exon 9 are not compatible with life in males. Therefore, canine IKBKG exons 9-10 were amplified and sequenced (Table 1) . There was no difference in the sequences derived from normal and affected dogs.
EDA sequence analysis. The availability of EDA cDNA sequences from several mammalian species combined with canine genome sequences permitted the design of PCR primers to amplify all of the exons, including splice sites, of the canine TCC CCT CCG TGC ATA CTT TTG AT  23  63  517  u10R CGA GAG GAG GGC GTG CCA GG 20 69
The 5 primer is within intron 8 and the 3 primer within the UTR of exon 10. CAG TAG C  19  61  452  i1R  AGT GCG GTT TCT TCG CTT CC  20  59  3  i2F  ATG GGC TCA GGT TTT AGA CA  20  55  421  i3R  AGG GTT GG AGG AGA GAG G  19  56  4  i3F  GCA GTG TCT TGA GAG TTT CT  20  58  165  i4R  TTA GGA AAG ATA TGA CAG CA  20  54  5  i4F  GGA TAG GGA GTG TGT GTG TAT GTT  24  70  471  i5R  CCT GGG AGA CCT GCT TTT CTT ATT  24  70  6  i5F  GCT GTG AGT GAA CAA CCT  18  56  285  i6R  TAA GAG AAG TGA GTG GTG TC  20  51  7  i6F  CCT AGG CTG TGA TTC TTT G  19  54  337  i7R  GAC AGG AGA AAG GGA TCA  18  58  8  i7F  CCG CTY GAC AAA CAG AAT A  19  53  448  i8R  CCT TTC CAC TCC CTC CC  17  55  9  8F  TGG AGT GCT CAA TGA CTG G  19 (Fig. 1) . However, when the human protein was compared to that in cattle, mouse, and dog, the murine protein showed the highest degree of homology. Among all three species the cattle and mice shared the most amino acids, and the canine protein was most similar to that in cattle (Fig. 1) . Most of the differences in amino acids were found in the N-terminus of the protein, whereas there were 100% identical residues in the protein encoded by the last three exons in all four species. These exons encode the TNFlike domain, the proteinÕs active site (Fig. 2a) .
Canine EDA mutation analysis. Sequencing the EDA exons from an affected dog revealed a point mutation (G fi A) in the conserved AG consensus sequence of the splice acceptor site in intron 8. The mutation was confirmed to be present in 25 affected and absent in 25 normal, related dogs. To examine how this single nucleotide change affected splicing, we attempted to sequence the cDNA derived from normal and affected dogs by PCR amplification. However, the PCR products from normal and affected dogs could not be completely sequenced because the alternative splicing that had been shown to occur in other species also occurs in the dog, giving rise to PCR products that differ by 6 bp because of the two different isoforms (exons 8a and 8b). Therefore, the PCR products from normal and affected dogs were cloned and sequenced from the single clones. Sequence analysis of cDNA clones derived from the affected dogs revealed the use of a cryptic splice acceptor site 32 bp from the 5¢ end of exon 9, resulting in a frame shift and a premature stop codon 3 bp downstream (Fig. 2b) .
Discussion
To establish which of the over 150 different forms of ectodermal dysplasia that have been described to date (Pinheiro and Freire-Maia 1994) was present in our dog model (Casal et al. 1997 (Casal et al. , 2004 , we first determined the X-linked mode of inheritance by performing breeding experiments (Casal et al. 1997 ). The most common form of X-linked ectodermal dysplasia (XHED) is caused by a defect in EDA (MIM 305100), but there are several other ectodermal dysplasias with the disease-causing mutation in a gene on the X chromosome, such as XHED with immunodeficiency (HED-ID; MIM 300291), BRESHECK syndrome (for the presence of brain anomalies, mental retardation, ectodermal dysplasia, skeletal malformations, Hirschsprung disease, ear and eye anomalies, cleft palate, cryptorchidism, and kidney dysplasia or hypoplasia; MIM 300404), and OLED- Megabase (Mb) positions of markers and genes on the canine X chromosome based on the first canine genome assembly are indicated. LOD max score values and recombination fraction of polymorphic markers to XHED found in XHED dogs were calculated. Fig. 1 . Percent similarity of cDNA and amino acid sequences of EDA from cattle, dogs, mice, and humans. Exons 7-9 are completely homologous among dogs, cattle, mice, and humans (not shown).
AID syndrome (osteopetrosis, lymphedema, anhidrotic ectodermal dysplasia (EDA), and immunodeficiency; MIM 300301). While our XHED dogs described in this study had classic signs of X-linked ectodermal dysplasia, they had no other signs that would be suggestive of either BRESHECK syndrome or OLEDAID. However, the affected dogs did exhibit clinical signs that could be attributed to an immunodeficiency as in HED-ID (Casal et al. 2003) , a clinical syndrome which has been described in children (Zonana et . Defects that render a mildly truncated IKBKG protein product were suspected to result in HED-ID and were subsequently found in the last exon (exon 10) of the IKBKG gene.
EDA2R, the receptor for the EDA-A2 isoform of EDA, also resides on the X chromosome and could potentially be considered as a cause for XHED. However, no naturally occurring mutations causing XHED have been found in the EDA2R gene to date and a recently created EDA2R knockout mouse showed no phenotypic differences compared to wildtype littermates (Newton et al. 2004 ). In addition, only the EDA-A1 isoform has been shown to be necessary for the development of hair and sweat glands in Tabby mice, a mouse model for XHED (Srivastava et al. 2001 ). EDA-A1 binds to the EDAR receptor (Elomaa et al. 2001 ) and not to EDA2R, thus suggesting that mutations in the EDA2R gene are less likely to cause the XHED phenotype. For these reasons, we chose to examine EDA and IKBKG as potential candidates for XHED in our dogs. Linkage analysis placed the XHED locus closer to EDA than to IKBKG. IKBKG was further excluded by determining that the last two exons of canine IKBKG were identical in both normal and affected dogs. Mutations causing HED-ID in humans have been found only in exon 10, and mutations upstream of exon 10 are generally not compatible with life in male fetuses. Thus, EDA became the most likely candidate causing XHED in our dogs.
The normal canine EDA gene has ORFs of 1161 and 1155 bp (EDA-A1 and EDA-A2 isoforms) and contains 8 exons. The exons are conventionally named 1-9, but, as in cattle and mice, exon 2 is missing in the dog. However, unlike humans, cattle, and mice in which the exon lengths are conserved, exons 1 and 3 of the dog gene are shorter by 12 and 3 bp, respectively, than their counterparts. The miss- ing base pairs in exon 1 appear to be in the sequence coding for the proteinÕs transmembrane domain, and those in exon 3 appear to be in the sequence coding for the extracellular domain but 5¢ to the sequence for the putative furin cleavage site. These findings suggest that conservation of these two domains is of less importance and that the differences have no impact on proper function of the protein. On the other hand, the TNF-like domain is 100% conserved at the amino acid level among all species examined, highlighting its importance as the effector portion of the protein, which is cleaved from its anchor in the cell membrane by the furin proteases.
In humans, a number of mutations in EDA have been found that cause XHED. About half of the mutations are missense mutations of which most are located in the sequences coding for (1) the putative transmembrane/extracellular junction domain; (2) the furin cleavage site, where furin-like proteases act to release the active portion of ectodysplasin; (3) the collagenous domain, which is thought to be necessary for trimerization; and (4) in the TNF-like domain, which is the proteinÕs active domain (Paakkonen et al. 2001; Schneider et al. 2001 ). These mutations do not alter the overall structure of ectodysplasin but impair the functional domains. The rest of the mutations appear to be randomly placed and usually result in a frame shift with a premature stop codon (Paakkonen et al. 2001; Schneider et al. 2001 ). In the Tabby mouse, two separate mutations have been found, both in exon 1. In one strain (Ta), a 132-bp in-frame deletion leading to a truncated protein has been described, and in the other strain (Tabby <6J>), a 1-bp deletion was found resulting in a frame shift and premature stop codon. Many similar mutations in exon 1 have been described in humans (Kere et The mutation found in canine EDA confirmed its involvement in XHED in our dog model. The canine mutation results in the use of a cryptic splice acceptor site within exon 9, creating a frame shift and a premature protein translation for both the EDA-A1 and EDA-A2 isoforms. Cases of splice site mutations within introns 5, 7, 8, and 9 have been described in humans (Bayes et al, 1998; Schneider et al. 2001 ) and within intron 8 in red German Holstein cattle (Drö gemuller et al. 2002) . Interestingly, in cattle with the mutation affecting the splice donor site in intron 8, mRNA studies revealed that both isoforms were affected, even though the splice donor site for EDA-A2 was still intact (Drö gemuller et al. 2002) . The authors postulated that sequences coding for regulatory elements in the area around the 3¢ end of exon 8 were indirectly affected by the mutation. In humans it is not known if the mutation in intron 8 affects both isoforms, although the authors surmised that it would affect only EDA-A1 (Schneider et al. 2001) . Clinically, it is unlikely that there would be a difference between individuals lacking both isoforms simultaneously or just EDA-A1, like the DL mouse, which lacks the receptor specific for EDA-A1 (EDAR), is indistinguishable from the Tabby mouse (EDA-A1 and -A2 deficiency). Most importantly, all of these mutations preclude the transcription and subsequent translation of the TNF-like domain, which is vital to the proteinÕs effect by binding to the respective receptors.
In summary, we have sequenced the canine EDA gene and confirmed that a mutation in this gene causes the XHED phenotype in our dogs. The mutation found in the canine model of XHED prohibits correct splicing of the last exon and is similar to one found in humans and in red Holstein cattle. The results of this study further strengthen the XHED dog as a model to investigate the pathologic basis of disease and provide a large animal model for therapy trials.
